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ABSTRACT
Microfluidic Electrical Impedance Spectroscopy System Automation and Characterization
Keaton Frahmann

In this work, a novel microfluidic cell culture platform capable of automated electrical impedance
measurements and immunofluorescence and brightfield microscopy was developed for further invitro cellular research intended to optimize cell culture conditions. The microfluidic system design,
fabrication, automation, and design verification testing are described. Electrical and optical
measurements of the 16 parallel cell culture chambers were automated via a custom LabView
interface. A proposed design change will enable gas diffusion, removing the need for an
environmental enclosure and allow long-term cell culture experiments. This "lab on a chip"
system miniaturizes and automates experiments improving testing throughput and accuracy while
creating a highly controllable microenvironment for cell culture. Such a system can be applied to
drug development, bioassays, diagnostics, and animal testing alternatives. This work is part of a
collaborative effort to define protocols for the electrical and optical characterization of cell culture
within a novel microfluidic device with the intent of optimizing microenvironment conditions.
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1. INTRODUCTION
1.1 Microfluidics
Microfluidics is a group of technologies designed for small fluid manipulation (µL, nL, pL) inside
specially designed microchannels [1]. Today, microfluidics is applied in various consumer
products, including ink-jet printers and at-home pregnancy tests. Microfluidics evolved from
multiple industries and areas of scientific research, but the most notable are analytical chemistry
and microelectronics fabrication. The development of high-pressure liquid chromatography
equipment in the 1960s saw improved performance separating chemical species in small glass
capillary columns, allowing multiple advancements in analytical chemistry[2]. Simultaneously, the
creation of photolithography by Lathrop and Nall in 1959 paved the way for microelectronics
manufacturing and inspired new microfluidic fabrication techniques[3]. These technologies were
successfully combined by Terry et al. in 1979 with the manufacturing of a miniaturized gas
chromatography system on a silicon wafer via photolithography [4]. The device demonstrated the
fabrication of a chemical measurement system with micromanufacturing techniques beginning a
surge in "lab-on-a-chip" research. In the 1990s, the endeavor to sequencing the human genome
and DARPA funded biodefense projects further advanced the applications of microfluidic
technology [5]. The fabrication of microfluidic chips was streamlined with the development of soft
lithography by Duffy and Whitesides at Harvard in 1998 [6]. The manufacturing process allows for
repeatable microfluidic device fabrication in polydimethylsiloxane (PDMS) using a master mold on
a silicon wafer. This method is now a standard for experimental microfluidic devices due to the
cost, relative ease of prototyping, and sensitive feature replications [7]. Presently, there is
increasing research within microfluidics for applications like point-of-care diagnostics, drug
development, immunology, and animal testing alternatives [8][9][10].
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1.2 Microfluidic Cell Culture
1.2.1 Definition and Overview
In vitro cell culture is an invaluable tool for cellular biology research encompassing many scientific
methods that have contributed significantly to understanding cell behavior [11]. Traditional cell
culture, which involves platting cells in flasks or Petri dishes, has been established over the past
century and remains the first choice for many commercial and research applications in life
sciences. However, conventional cell culture has limitations, including high reagent consumption,
rigid design, and poor spatial and temporal resolution. Microfluidics has started to fill the gap and
define a new methodology for cell culture in PDMS devices. An early example of microfluidic cell
culture came from Hung et al. in 2004, who successfully cultured human carcinoma cells in a
microfluidic system and demonstrated cell passage, reagent introduction, and cell optical
analysis[12]. Microfluidic cell culture platforms improve control over the microenvironment and
can be partially automated, but the technology is often confined to the benchtop, limiting longterm studies. Devices can be placed inside incubators to provide optimal cell culture conditions
but complicate continuous monitoring and increase the overall footprint. Recent systems have
integrated the functionality of incubators like temperature control and gas supply onto the chip
itself, eliminating the need for external environmental enclosures [13][14][15].

Microfluidic cell culture can use label-free and noninvasive continuous monitoring techniques like
electrical impedance spectroscopy (EIS) and microscopy to analyze cellular events like stem cell
differentiation [16]. However, microfluidic cell culture is still developing, and standardized
procedures for different cell lines and device fabrication must be established before moving past
research-driven prototypes. On top of this, it is unclear which assumptions used in traditional cell
culture will hold at the microscale, like nutrient consumption rates and mechanical stimulus
responses, making a direct comparison between experiments difficult.
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1.2.2 Advantages
The most obvious benefit of microfluidic cell culture is the overall miniaturization of the system.
Macroscale cell culture typically uses cell counts of 104 to 107 with sample volumes in the mL
range, whereas microfluidic systems can use hundreds of cells with sample volumes typically in
the µL range or smaller. Downsizing cell culture has a threefold effect: reducing cost, creating
biologically significant time and concentration scales, and improving the precision and control of
the microenvironment. Small volumes and cell count drastically reduce the consumption of
reagents like fluorescent dyes and cell media, which reduces the cost of running long term
experiments. A single device can run multiple experiments in parallel, decreasing the individual
cost and standardizing critical environmental conditions across the device like temperature.
Comparable macro-scale experiments in flasks would require a considerable increase in space,
time, and energy. Secondly, the small culture chambers allow for spatial and temporal control of
parameters like temperature and species concentration at a physiologically relevant scale. This
capability creates a more representative cellular environment critical for accurate in-vitro testing
[17]. Lastly, the sensitivity of electrical monitoring systems improves as the ratio of electrode
surface area to cell surface area increases because of improved signal strength and signal-tonoise ratio, allowing information to be gathered at a cellular level lost at the macroscale.

None of these advantages would be possible without soft lithography techniques in PDMS,
making complicated device fabrication accessible in a research setting. PDMS is a two-part
elastomer with a low glass transition temperature that starts as a resin and cures into a flexible
solid. PDMS is transparent, biologically inert, and permeable to some gases making it an obvious
candidate for microfluidic cell culture devices [7]. The ability to repeatably create microfluidic
chips with soft lithography allows new iterations to be created based on experimental results and
design restrictions. Compared to Petri dishes' rigid design, microfluidic cell culture devices offer
flexibility in creating and monitoring niche microenvironments for specific cell lines.
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1.2.3 Disadvantages
The complexity, entry cost, and lack of standardization of microfluidic cell culture presents
challenges for research and industry applications. Polystyrene flasks are inexpensive, and
protocols, including surface treatment and sterilization, are standardized and well known.
Incubators are also well-established equipment frequently used to maintain temperature and gas
concentrations at ideal culture conditions. In contrast, microfluidic cell culture devices are typically
prototype designs that require integrating multiple components to achieve the same functionality.
This negates some advantages of the device's initial small footprint, and the increased complexity
makes troubleshooting and repairs a more significant obstacle compared to traditional methods.

PDMS is a capable material for microfluidic device fabrication but has limitations as a cell culture
substrate. The surface of native PDMS is hydrophobic, which can hinder cell adhesion [18]. It has
been shown that fluorinated plasma treatments can reduce the hydrophobicity of the surface and
promote cell adhesion [19]. Microfluidic devices can also have glass as a substrate for cell
culture, which is also hydrophobic and requires pretreatment for good cell adhesion [20]. The
process parameter for these surface treatments must be established through experimentation
and can be challenging to replicate in future studies. PDMS is permeable to gasses and small
hydrophobic molecules, which can cause the unwanted removal of material from the system.
Fluorescent dyes like Nile Red used in microscopy and steroids like estrogen necessary for cell
signaling can be absorbed by PDMS [21]. Sol-gel surface pretreatments can reduce the diffusivity
of small molecules through PDMS and tailor surface property characteristics for prolonged cell
culture [22][23]. The plethora of surface treatments necessary to improve cell adhesion and alter
mass diffusion hinder the harmonization of the technology and create a greater barrier to entry for
microfluidic cell culture research.

The small volume of the device means the surface-to-volume ratio is significantly increased
compared to traditional cell culture chambers, which complicates creating stable culture
conditions. This critical ratio determines the relative effect of capillary forces and the rate at which
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cells deplete nutrients and accumulate waste in the surrounding media. The continuous perfusion
of media through the chamber can replenish nutrients and remove waste. However, the
continuous flow through the microchannel creates shear stress strongest at the channel walls,
which can negatively impact cell adhesion, but endothelial cells require a certain amount of shear
stress to develop correctly which means a balance must be achieved through experimental and
theoretical results [24][25]. Thorough validation experiments are necessary to determine
parameters like flow rates and perfusion intervals for optimized conditions of individual cell lines,
further complicating microfluidic cell culture systems.

1.3 Electrical Impedance Spectroscopy and Electrical Behavior of Cells
Label-free and non-destructive technologies for assessing cell-based research have substantial
benefits over traditional endpoint analysis, and electrical impedance spectroscopy analysis has
become an attractive alternative. It is in the best interest of researchers to study cells' behavior
without damaging or significantly altering their state. Current endpoint analysis techniques like
histology and fluorescent microscopy rely on fixing chemicals and stains that modify or destroy
the cells, preventing continuous, real-time analysis. A non-destructive assay like EIS does not
have this effect and has been successfully applied to in-vitro monitoring of cell wall regeneration
and antineoplastic drug assessment [26][27].

Electrical impedance spectroscopy uses microelectrodes to measure the impedance of the
biological system over a range of frequencies, which can be analyzed to gain insight into cell
culture. The passive electrical behavior of living cells can be explained by the insulating lipid
bilayer, which separates two solutions of different concentrations and disrupts the current flow.
The separation of charge causes cells to act as insulators at low frequencies if an electrical field
is applied. In general, high-frequency ranges (1kHz – 500 kHz) can give insight into cell adhesion
and cell junctions and higher frequencies can provide information on membrane dielectric
properties [28]. An early example of electrical cell measurements is the Coulter counter, which
was developed in 1956 and used a DC signal to count and determine the size of particles in an
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electrolyte, including cells and bacteria [29]. This device is still effectively used to measure cell
fractions in hematology. In industry, impedance measurements are commonly used in the
fermentation processes to quantify yeast population during alcohol production [30].

When cells are cultivated directly on electrodes, specific cellular characteristics can be studied
with greater precision. An early example of this was demonstrated in 1984 by Giaever and Keese
when they cultured mammalian fibroblasts on gold microelectrodes and related changes in cell
morphology and adhesion with changes in impedance [31]. When cells are grown directly on
microelectrodes, change in cell shape, membrane integrity, and cell signaling can be investigated
via EIS measurements providing insight into the multifaceted research of cell culture behavior
[32].

1.3.1 Electric Double Layer
The electric double layer (EDL) describes the phenomenon at the interface of a solid body
submerged in an electrolyte solution. The electric double layer behaves similarly to a capacitor
because it consists of oppositely charged parallel layers, which will acquire a charge when placed
in a solution with dissociated ionic species. The electric double layer effect on impedance
measurements can be attributed to electrode material, surface area, ion concentration, electrode
potential, and other factors that can be difficult to measure.

The electric double layer model proposed by Helmholtz in 1879 describes a dense ion layer in
contact with a charged electrode surface [33]. A solid body will usually obtain a surface charge if
submerged in a solution containing dissociated ionic species. Dissolved counterions in the
solution are attracted by electrostatic forces to the surface and form a dense layer to satisfy
electrical equilibrium. Gouy and Chapman theorized that a diffuse layer exists some distance
away from the charged surface where ions are free to move due to thermal motion. The
concertation of ions in this layer is a function of the distance from the charged surface into the
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bulk solution [34]. Stern combined the theories to suggest the electric double layers contain a
compact Helmholtz layer and a diffuse Gouy-Chapman layer.

Figure 1.1 Electric Double layer: Schematic showing the different features of the electric double
layer, including the compact and diffuse layers with individual ions. [35]

The inner and outer Helmholtz layer consists of hydrated ions attached to the surface. The GouyChapman diffuse layer consists of attracted ions in the solution where the potential exponentially
drops with the distance from the surface. The electric double layer will affect electrical
measurements in the microfluidic device due to the high surface-to-volume ratio of the
microelectrodes and changing solute concentrations. The EDL capacitance and potential were
not quantified in this work due to time and equipment limitations. However electrical models exist
for theoretical calculations, and multiple methods exist, like atomic force microscopy, for
measuring capacitance and electrostatic potential distribution experimentally [36][37][38].
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2. BACKGROUND
2.1 Fluid Properties
2.1.1 Liquid Properties
The fluidic dynamic properties of flow inside microscopic channels must be understood when
designing a microfluidic device for cell culture. The channel dimensions cause surface forces to
dominate and unique flow profiles to develop. Continuum mechanics can be used to model flow
inside microchannels to understand the system better. The Naiver-Stokes equations are a set of
partial differential equations that express the conservation of momentum for viscous fluids. The
three-dimensional form of the Naiver-Stokes equation can be written in vector notation as follows.

𝜌

𝐷𝑣⃑
= 𝛁𝑃 + 𝜇∇! 𝑣⃑ + .F⃑
𝐷t

(2.1)

Where ρ is density, 𝑣⃑ is fluid velocity, 𝑃 is pressure, 𝜇 is fluid viscosity, .F⃑ is the vector sum of
applied forces, and
$⃑
'#
'(

$⃑
"#
"&

is the material derivative of the fluid velocity which can also be written as

+ 𝑣⃑ ∙ 𝛁𝑣⃑ . The entire Naiver-Stokes equation can model most flow regimes but is greatly

simplified with the assumption of fully developed laminar flow, which can be validated by
calculating the Reynold's number of the system. The Reynolds number describes the ratio of
diffusive forces to inertial forces for fluid flows. It is used to predict whether fully developed flow
conditions will be turbulent, laminar, or in-between. The Reynolds equation can be written as
follows.
𝑅𝑒 =

𝑈𝐷
𝑣

(2.2)

Where 𝑈 is the average velocity of the fluid, 𝐷 is the characteristic length of the channel, and 𝑣 is
the kinematic viscosity of the fluid. The characteristic length of internal flows, like the ones seen in
microfluidic channels, is defined by the hydraulic diameter of the channel. Flow within microfluidic
chips will typically have Reynolds number much less than 2300, meaning laminar flow will
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develop, diffusion forces will dominate, and the effect of convection is negligible. The laminar flow
assumption can simplify the Naiver-Stokes equations to arrive at a point where a closed-form
analytical solution is possible. This solution is known as the Hagen-Poiseuille equation and
describes the pressure change of a Newtonian, no compressible fluid in laminar flow through a
long cylindrical channel with a constant cross-section. The Hagen-Poiseuille equation can be
written as follows.
Δ𝑃 =

8𝜇𝑈𝐿
𝑅!

(2.3)

Where 𝑅 is the cylindrical radius, U is average fluid velocity, and L is the characteristic length.
Typical microchannels created through soft lithography have rectangular cross-sections that
should be accounted for in the equation. The hydraulic radius of the microchannels can be
approximated with the following equation.
𝑅) =

𝑎𝑏
𝑎+𝑏

(2.4)

Where 𝑅) represents the approximate hydraulic radius, 𝑎 represents the width, and 𝑏 represents
the height of the channel's rectangular cross-section. This corrective factor is necessary since it is
challenging to fabricate cylindrical channels in a microfluidic device. The Hagen-Poiseuille
equation, which describes the simplified pressure-driven flow in a cylindrical channel, is
analogous to Ohm's law used in electrical circuit analysis. Ohm's law states that the voltage drop
between two points is directly proportional to the current between those two points and can be
written as follows.
𝑉 = 𝐼𝑅

(2.5)

Where 𝑉 is the voltage drop, 𝐼 is the current, and 𝑅 is the resistance. The pressure drop in a
microfluidic device is analogous to the voltage drop in a circuit. The cross-sectional flow rate is
analogous to current, and the overall hydraulic resistance is analogous to electrical resistance.
Applying this linear equation to microfluidics can help approximate flow rates, pressure limits,
hydraulic resistance, and other design constraints for the branching microchannel designs.
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2.1.2 Concentration Gradient
Understanding cell signal response to concentration gradients is a significant challenge in
decoding cell behavior and migration. Research around cell response to concentration gradients
has been studied in vitro as early as 1968 with the invention of the Boyden Chamber [39]. The
Boyden Chamber is a helpful tool to study cell migration and creates a chemical gradient through
a membrane of known pore size. However, the length scale of the chemical gradient is larger
than what cells experience in their niche microenvironment. Microfluidics has presented an
opportunity to create miniaturized concertation gradients in cell culture on the same order of
magnitude as biological systems for both time and length scales. In this thesis, an adaption of the
"Christmas tree" pattern gradient generator created by Jeon et al. is used. The original design
uses multiple branching networks to create a 1D concertation gradient perpendicular to the
direction of flow and has been adapted to establish a 2D matrix of distinct concentrations that
empty into individual chambers.

When creating concentration gradients through fluid mixing at small length scales, it is crucial to
understand and consider the characteristic fluid properties and mixing method. Like the Reynold's
number, the Péclet number is used to make assumptions about the nature of transfer phenomena
in a continuum. The Péclet number is a dimensionless number that describes the relative
importance of convective mass transfer to diffusion mass transfer of a species in a given system.
𝑃𝑒 =

𝐿𝑈
𝐷

(2.6)

Where 𝐿 is the characteristic length, 𝑈 is the fluid flow velocity, and 𝐷 is the mass diffusion
coefficient. In general, for numbers much greater than one, convection mass transfer dominates.
If the value is much less than one, mass transfer due to diffusion dominates. In a system where
diffusion dominates is important to look at the time scale for two laminar flows to mix due to
random motion and reach steady-state equilibrium within a microchannel.
𝑡+ =

𝐿, !
2𝐷
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(2.7)

Where 𝑡+ is the time scale for a solute to diffuse a distance 𝐿, . The characteristic mixing length for
the internal flow of microchannels is the diameter which can be approximated using equation 2.4.

The overall resistance of the fluidic network has a significant impact on the behavior of the
"Christmas tree" gradient generator. Using the analogy to electrical resistance described in
equation 2.5, hydraulic resistance can be calculated by knowing the microfluidic system's
pressure drop and the volumetric flow rate which is described by the Hagen-Poiseuille equation.
If the network's fluid resistance is too high, the necessary pressure difference to drive flow can
rupture the device or cause failures over time. When designing a gradient generator, it is
important to minimize the resistance of the channel network while staying above the characteristic
mixing length to ensure proper mixing.

2.1.3 Gas Properties
The supply of gasses within the chamber of the microfluidic device is essential for long term cell
culture because a proper CO2 concentration is needed to maintain the pH level in the
microenvironment, which is sensitive to change due to the small fluid volume. Modeling the mass
transfer of gases inside the device can provide insight into how to best design the gas supply for
cell culture. Gas diffusion in microfluidic cell culture provides necessary oxygen for cellular
respiration and carbon dioxide to maintain the acidity of the cellular environment. Controlling pH
is typically achieved using CO2 gas through a carbonic reaction in solution. The chemical reaction
is defined as follows.
𝐶𝑂!(./0) ⟺ 𝐶𝑂!(/2)

(2.8)

𝐶𝑂!(/2) + 𝐻! 𝑂 ⟺ 𝐻! 𝐶𝑂3 ⟺ 𝐻4 + 𝐻! 𝐶𝑂3 5

(2.9)

Incubators are used in macro-scale cell culture to maintain the pH with ambient CO2 levels at 5%.
Similarly, if a constant concentration of CO2 is supplied to the microfluidic device, the equilibrium
reaction will maintain the pH of the cell media within. Usefully, PDMS is permeable to CO2 and
can be introduced to the cell media through a thin PDMS membrane. Mäki et al. characterized the
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mass transfer of CO2 through PDMS, and an adaptation of the mathematical approach has been
utilized for this design[40].

The convective flow of CO2 will exist in the microchannel of the device due to pressure-driven
flow, but the transfer of the gas through the PDMS is dependent on diffusion. The driving force of
diffusion is Brownian motion, and Fick's 1st law describes diffusive flux due to a concentration
gradient displayed below.
𝐽⃑ = −𝐷∇𝑐

(2.10)

Where 𝐽⃑ is the solutes molar flux vector, 𝐷 is the diffusion coefficient, and ∇𝑐 is the concentration
gradient. The concentrations of CO2 in the liquid, solid, and gas mediums of the device need to
be considered to model the system's mass transport. The diffusion coefficients and diffusive
driving forces change depending on the interface. A system of differential equations describes the
mass balance of CO2 within the system. These equations assume there is no material
consumption of CO2 and is written as follows.
𝜕𝑐.
+ 𝛁O−𝐷. 𝛁𝑐. P + 𝑢
.⃑. ∙ 𝛁𝑐. = 0
𝜕𝑡

(2.11)

𝜕𝑐6
+ 𝛁(−𝐷6 𝛁𝑐6 ) + 𝑢
.⃑6 ∙ 𝛁𝑐6 = 0
𝜕𝑡

(2.12)

𝜕𝑐0
+ 𝛁(−𝐷0 𝛁𝑐0 ) + 𝑢
.⃑0 ∙ 𝛁𝑐. = 0
𝜕𝑡

(2.13)

Where subscripts 𝑔, 𝑙, and 𝑠 denote the CO2 concentrations in gas, liquid, and solid phases,
respectively, and 𝑢
.⃑ represents the velocity field vector of the fluid. It is important to note that the
transport of CO2 in the gas and liquid phases has convective terms as there will be a fluid velocity
profile associated with the flow of CO2 and cell media perfusion. There is no convective term for
the transport of CO2 in the solid phase of PDMS and is entirely dependent on diffusion. There are
two distinct interfaces for mass transfer. The first is the gas/solid interface of CO2 flux into the
PDMS. The second is the solid/liquid interface between the PDMS and the cell media. Diffusion
through these interfaces is described using the partition coefficient described below.
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𝐾𝑝0. =

𝑐.
𝑘0.
= !"#
𝑘.0
𝑐0!"#

(2.14)

𝐾𝑝60 =

𝑐0
𝑘60
= !"#
𝑘06
𝑐6!"#

(2.15)

Where 𝐾𝑝0. represent the dimensionless partition coefficient between the gas/solid interface, 𝑘0.
represents the mass transfer coefficient from the solid PDMS phase to the gas phase, and 𝑐0_0/(
represents the saturated CO2 concertation in the different phases. Using these partition
coefficients, an equation can be written that describes the flux of CO2 through each interface.
𝐹𝑙𝑢𝑥0. = 𝑘0. O𝐾𝑝0. 𝑐0 − 𝑐. P

(2.16)

𝐹𝑙𝑢𝑥60 = 𝑘60 (𝐾𝑝60 𝑐6 − 𝑐60 )

(2.17)

Where 𝐹𝑙𝑢𝑥0. and 𝐹𝑙𝑢𝑥60 denote the CO2 flux towards the PDMS-phase at the liquid/PDMS
interface, and the flux towards the liquid-phase at the PDMS/liquid interface, respectively. This
set of equations can be used to model the transfer of CO2 in the device to optimize the design
inputs like the PDMS membrane thickness and compare it against experimental results.

2.2 Electrical properties
2.2.1 Electrical Impedance Spectroscopy
Impedance is an electrical measurement of a circuit's opposition to current flow due to an applied
voltage. Electrical impedance is dependent on the frequency of the voltage and combines the
resistance, capacitance, and inductance of the circuit and is described as follows.
𝑍 = 𝑅 + 𝑗𝑋

(2.18)

Where 𝑍 is the overall complex impedance, 𝑅 is the real resistance of the circuit, 𝑋 is reactance,
and 𝑗 represents the imaginary number √−1. The capacitance of a circuit is a frequency8

dependent value expressed as 𝑍, = 9:; showing the inverse relationship with frequency and
capacitance. The inductance of a circuit is also frequency-dependent and expressed as 𝑍< = 𝑗𝑤𝐿
showing the directly proportional relationship between frequency and inductance. It is also
important to consider the phase of these electrical measurements. In general, a positive phase
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measurement indicates more substantial inductive effects, and a negative phase shows greater
capacitive effects.

Impedance is measured by placing two leads across a load followed by a known resistor in a
circuit. In this work, the load is measured through the interdigitated silver-plated electrodes
etched on a glass slide. The load measured is the medium in the culture chamber, including cells,
media, and dissolved gases. The basic impedance circuit used in this work is shown below.

Figure 2.1 Ideal Impedance Measurement Circuit: Circuit for measuring system impedance
under ideal conditions[41]

However, this is an idealized circuit, and electronic equipment will have internal impedance
values. Electrical connections can create parasitic capacitance elements, and coiled lengths of
wire can introduce inductive elements. A more realistic schematic of the circuit used for
impedance spectroscopy measurements is shown below.

14

Figure 2.2 Parasitic Electronics Measurement Circuit: Impedance measurement circuit
including parasitic elements from system components[41]

Using impedance spectroscopy in microfluidic research has shown the ability to gain insight into
cell population and cellular activity [26]. There exists variation in the measurements due to the
electrodes' surface area, applied potential, frequency range, impedance of internal circuitry, and
the cell media. These variations can affect the repeatability of the experiment and require
adequate characterization of the electrical properties of the system before analyzing results.
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3. METHODS
3.1 Microfluidic Chip Overview
The three-layer microfluidic chip capable of cell culture and EIS measurements designed for this
research includes 16 parallel cell culture chambers and a media concentration gradient
generator. Interdigitated Ag microelectrodes were platted onto a Borofloat® glass wafter with
physical vapor deposition and cut using a CO2 laser cutter. The 32 microelectrodes enable
continuous impedance measurements of 16 channels that align with the culture chambers in the
PDMS layer above. The microfluidic networks were defined using a SU-8 soft lithography process
and form the cell culture chambers, media delivery network, gradient generator, and waste
collection. The final PDMS layer contains a microfluidic network for gas circulation to maintain pH
in the culture chambers. This device was defined through multiple iterations in Dr. Hawkins's
microfabrication research laboratory and is currently on its third version. Below is a depiction of
the layer of the device.

Figure 3.1 CAD Drawing of Microfluidic Device: 2D AutoCAD design for multilayer microfluidic
device. The green is the cell culture network, the blue is the concertation gradient generator, the
yellow is the interdigitated electrode array, and the purple is the gas supply network
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PDMS

PDMS

Glass

Figure 3.2 Microfluidic Device Exploded View: Exploded view of AutoCAD design for
multilayer microfluidic device

Figure 3.1 and 3.2 depicts the three distinct layers of the microfluidic device. All of the microfluid
networks are visible and follow the same color description in Figure 3. The individual layers of the
device are plasma bonded together, and the inlet and outlet holes are punched in the PDMS to
create the multifunctional device.

3.1.1 Gradient Generator Design
The gradient generator for this system uses sequential mixing networks in a "Christmas tree"
design to create a 2D concentration gradient inside 16 parallel cell culture chambers through
serial dilutions. The design utilizes a branching serpentine pattern to facilitate diffusive mixing by
disrupting the flow path of solutes. The gradient generator has high hydraulic resistance to
prevent the backflow of suspended cells back into the network. A new design change reduces
hydraulic resistance and minimizes process errors during microfabrication. The previous design
iteration had a mixing length that was twice as long, creating significant hydraulic resistance and
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issues in subsequent testing. The microfluidic network is 5 µm wide and 10 µm deep. The new
design has a mixing length of 3 mm which is sufficient for diffusive mixing to occur and, using the
hydro-electric analogy described earlier, decreases the pressure drop necessary to maintain the
same flow rate in the network.

a)

b)

Figure 3.3 Gradient Generator Design: a) Full gradient generator design with 16 sequential
mixing networks b) Single characteristic mixing channel unit

The second improvement to the device design was the addition of fillets at the interface between
the shallow cell seeding network and the deep culture chamber. The abrupt transition between
channel depths caused buckling errors during the fabrication process. To mitigate these errors,
fillets were added to the transition of the channel to increase the width to 380 µm before joining
the 500 µm radius microwell. The design change will reduce defects during the manufacturing
process and improve overall flow characteristics, resulting in more thorough mixing within the
culture chambers.
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Figure 3.4 Filleted Microwell Design: AutoCAD microwell with filleted inlets and outlets.

3.1.2 COMSOL Gradient Generator Simulation
A COMSOL Multiphysics finite element simulation was used to model the theoretical capability of
the new gradient generator design to create 16 distinct concentrations. The "concentration of the
dilute species" module in COMSOL was utilized with fluid properties of water and the diffusivity of
fluorescence (4.25 ∗ 10−6 cm2/s); an organic fluorophore dye commonly used in life sciences. A
solution with a concentration of 1 M entered at one inlet of the device, and a pure solution of zero
molarity entered at the other. The simulation results are shown below, with the color gradient
corresponding to the concentration of the solution.
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Figure 3.5 COMSOL Concentration Gradient Simulation: COMSOL solution of gradient
generator mixing networks. Red represents an initial solution concentration of 1 M and blue
represents a solution with no solute concentration [42].

The COMSOL simulation approximates the different concentrations created by the gradient
generator, with red being the highest relative concentration and blue being the lowest. The 16
distinct colors in the culture chambers theoretically validate the capability of the gradient
generator using the reduced mixing length. This simulation is useful to verify the functionality of
the design before prototyping and to compare results from experimentation.

3.1.3 Cell Seeding Network
The cell seeding microfluidic network is used to introduce cells suspended in media into the
device during experiments. The cell seeding network is 75 µm deep which is the deepest channel
on the device. Cells enter the network via a syringe pump, and once adherent cell culture is
achieved, the channel can be used for media perfusion. The cross-sectional area and low flow
rates reduce the hydraulic resistance to ensure shear stress is minimized and cells are not
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washed away or damaged. The outlets of each chamber combine into waste collection networks
where unadhered cells and depleted media is collected as waste at the outlet.

3.1.4 Gas Diffusion Network
The device's final layer is a "U" shaped network used for the circulation of gases, primarily CO2,
to improve the capabilities of long-term cell culture without an external environmental enclosure.
The mass transfer is a diffusion-driven process in which gases travel through three phases: gas,
solid, and liquid. A thin PDMS membrane separates the gas supply from the culture chambers
beneath. The diffusion of CO2 at different concentrations and pressure through PDMS
membranes has been well characterized by Mäki et al. [40]. Their theoretical and experimental
research found that a PDMS thickness between 1 mm and 2 mm with a driving pressure of 17
millibars and a CO2 concentration of 5% is sufficient to supply mammalian cells in microfluidic
culture chambers. The greater the PDMS membrane thickness, the longer it takes for the gas
concentration to reach steady state in the microwells relative to the supply gas concentration.

Figure 3.6 Gas Diffusion Channel Network: CAD schematic of the CO2 channel in purple on
the topmost PDMS layer and the cell culture and seeding network in green and gradient
generator in blue below.

The purple gas diffusion channel aligns over the microfluidic chip's 16 culture chambers, where
diffusion-driven mass transport will deliver gases to the cells within. A spin coat technique will
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precisely control the thickness of the PDMS membrane during the manufacturing process to have
greater control.

3.2 Microfluidic Chip Manufacturing
The microfluidic chip was constructed with traditional soft lithography techniques using a SU-8photoresist mold on a [P]100 silicon wafer. A PDMS negative mold of the device is then aligned
and irreversibly plasma bonded to a silver microelectrode array plated onto a laser-cut glass slide
to complete the device.

3.2.1 Soft Lithography Manufacturing
A thin layer of SU-8 is spread on the wafer via spin coating and then soft baked before a mask of
device design is aligned on top of the wafer and exposed to UV light, hardening the exposed
areas. The non-linked SU-8 is removed with a solvent, and the mold receives a final hard bake.
The master mold was then used to fabricated multiple PDMS devices for experimentation.
Poly(dimethylsiloxane) (PDMS Sylgard® 184, Dow Corning Corporation) is a silicone elastomer
used to make a negative of the SU-8 master mold. PDMS was mixed at a 1:10 ratio of curing
agent to base. The PDMS is then manually mixed for 10 minutes and allowed to degas in a
vacuum. PDMS was then poured over the master mold and soft baked in an oven at 70 °𝐶 for 24
hours. The PDMS was cut and peeled away from the master mold. Fluid inlets of the device were
punctured with a 23-gage blunt dispensing needle. The PDMS mold was then prepared for
bonding with the microelectrode glass slide by adhering and removing Scotch tape to the surface
repeatably to remove any contaminants.
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3.2.2 Microelectrode Manufacturing
The PDMS mold must be bonded to the glass slide with an interdigitated electrode array to close
the fluid channels of the device. Wyatt Warfield developed the microelectrode fabrication process
for this microfluidic device. First, a Borofloat® glass plate was cleaned with Piranha solution at
70°C for 10 minutes, and buffered oxide etch (BOE) for 30 seconds. The wafer was rinsed, dried,
and baked at 200°C for 10 minutes. Next, a primer and photoresist were spun on the glass wafer.
The primer improved the adhesion of the photoresist to the glass. The coated wafer was then
exposed under the photomask to develop the photoresist, and the undeveloped primer was
removed from the slide.

Next, metal was deposited onto the photoresist patterned glass wafter to create the electrode
array. The wafer's surface was cleaned of all particles and contaminants using reactive ion
etching (RIE). Then physical vapor deposition (PVD) or sputtering was used to apply a thin and
uniform metallic layer on the wafer. First, a thin layer of chrome was deposited using PVD, which
serves as an adhesion layer for the subsequent layers. Then a thicker silver layer was sputtered
on top, and a final protective layer of chrome was applied. Then a resist stripper was used to
dissolve the photoresist from the wafer and removing the excess deposited metal forming the
metal traces for the electrodes. The plated glass wafer was rinsed, and a lift-off test was
performed with Scotch tape to check metal adhesion.
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Figure 3.7 Electrode Design and Image: AutoCAD design of electrodes and glass slide image
after metal deposition and laser cutting.

After plating three electrode patterns onto the circular glass slide, they were cut into a rectangular
cover slide for each PDMS mold. A PLS6.150D CO2 laser printer (Universal Laser Systems,
USA) cut the rectangular pattern around the electrodes, measuring 25 mm x 75 mm. The laser
power was 50%, and the DPI was 500. Five passes of the laser were needed to cut cleanly and
entirely through the glass. The electrode patterns were removed from the laser bed, and the
rough edges were rounded with 80 grit sandpaper and rinsed to remove any remaining glass
fragments. The sectioned electroplated glass cover and PDMS mold were plasma treated for 10s
at 300mTorr, then aligned and irreversibly bonded. The device is then placed in an oven for 4
hours for a final cure.
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Figure 3.8 Interdigitated Electrodes Design: AutoCAD schematic of the silver interdigitated
electrode pattern for a single chamber well.

Figure 3.8 shows a close up of the interdigitated electrode design for a single cell culture well.
The Ag electrodes have a pitch of 25 µm. The overall footprint of the electrode surface (1.27mm
by 1.37 mm) slightly exceeds and covers the circular cell culture well to ensure the measurement
sensitivity of a confluent layer.

3.3 Device Stage Manufacturing and Assembly
3.3.1 PCB Manufacturing
A printed circuit board (PCB) was designed and manufactured to ensure electrical contact
between all 32 leads of the electrodes with the measurement equipment. The custom PCB
provides a secure contact point between the electrodes and measurement equipment preventing
any open circuits and improving the accuracy of the measurements during the experimental
protocol. The CAD design for the circuit board traces, along with the manufactured PCB, is shown
below.
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Figure 3.9 PCB Images: A) Custom PCB schematic design B) Manufactured PCB for use in
electrical measurements

In the CAD file of the PCB shown in Figure 3.9, the green points represent spring-loaded pogo
pins that press against the silver-plated electrodes to ensure electrical contact. These pogo pins
connect to female push connectors, which connect with external electrical equipment. The
rectangular hole in the center of the PCB is used as a viewport for the microfluidic device and
allows for external tubbing to be connected to the microfluidic chip once fully mounted. The three
rectangular holes seen on the edge of the device are through holes for screws to tighten against
between the aluminum stage, securing the PCB and microfluidic device in place. The tightening
of these fastening screws compresses the pogo pins against the electrodes' surface to make
electrical contact and prevent movement of the device during testing. The PCB is essential for
integrating the device with the rest of the electrical system, responsible for data acquisition,
analysis, and data display.
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3.3.2 Device Stage
The microfluidic stage was designed to properly mount the chip over the microscope's objective,
maintain electrical contact with the PCB, and properly heat the device. A plastic stage was 3D
printed with polylactic acid (PLA), and neodymium magnets were inserted in the four corners to
snap to the top of the SVM340 desktop microscope, allowing easy removal and reseating.

Atop the plastic stage is the aluminum heating stage, which mounts the microfluidic device
between the aluminum stage and PCB, reducing unwanted movement and maintaining contact
between the pogo pin connectors. The stage was designed and constructed out of aluminum
using traditional CNC machining at the Cal Poly machine shop. The stage is a heat sync for the
microfluidic device to ensure even heating of the PDMS. The heat source is two cylindrical
heating elements placed inside bored holes on either side of the aluminum stage to ensure even
temperature distribution. A thermocouple and proportional-integral-derivative (PID) controller
were used to maintaining the stage at a physiological temperature (37°C).

Mounting
screws

PCB

Microfluidic
Chip
Heating
Element

Aluminum
Stage

Figure 3.10 Device Stage Exploded View: Annotation of the exploded CAD model for the
heating stage, microfluidic chip, and PCB.
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Figure 3.10 shows an annotated 3D exploded model of the device and stage with the different
components labeled, including the mounting screws, PCB, microfluidic chip, aluminum stage, and
the two heating elements. Components that are not featured are the 3D printed bottom stage and
rare earth magnet, which hold the plastic stage in place

Figure 3.11 Full Device Stage Image: Complete microfluidic stage platform, including the
microfluidic chip, PCB, heated aluminum stage, 3D printed plastic stage, and peripheral wiring

Figure 3.11 is a picture of the stage assembly depicted in Figure 3.10. Additionally, this image
shows the SVM340 inverted tabletop microscope, 3D printed lower stage, and external jumper
wires that connect to measurement equipment. The multiple stages used in this system minimize
movement caused by servo motor vibration and allow peripheral equipment to connect with the
device necessary for measurements.
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3.4 Peripheral Equipment
Additional equipment was required to collect and automate the test protocols, including two
electrical measurement devices and a tabletop microscope. This hardware was necessary to
collect experimental data from the device to be manipulated and displayed in the LabView
software.

3.4.1 Electrical Measurements
Impedance measurements of the system were made via the Analog Discovery II (Digilent Inc.,
USA), which served as both a signal generator and an oscilloscope during data acquisition. The
Analog Discovery II is only capable of measuring one electrode channel at a time. To perform
sequential measurement over the 16 leads of the device, the Agilent 34970A Multiplexor (Agilent
Technologies, USA) switched between device channels for each measurement.

Figure 3.12 Digilent Analog Discovery 2:

Figure 3.13 Agilent Multiplexor: Agilent

Digilent Analog Discovery 2 multifunction

34970A Switch Unit

instrument

Figures 3.12 and 3.13 above are images of the electrical equipment used for the device's testing
protocols. On the left is the Analog Discovery II, a multifunction instrument, including an
oscilloscope and function generator. On the right is the Agilent multiplexor unit. The Agilent
multiplexor and the Digilent Analog Discovery II are connected through an external breadboard
and interfaced with a computer via USB.
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3.4.2 Optical Measurements
A LabSmith SVM340 inverted fluorescent tabletop microscope is used for imaging the mounted
device. The microscope has a 10x objective and uses visible and UV light sources for imaging.
Microscopy imaging is a large part of this work, and the SVM340 microscope offers multiple
functionalities that were automation friendly and necessary for experimentation.

Figure 3.14 LabSmith Microscope: LabSmith SVM340 inverted tabletop fluorescent microscope
and 3D printed stage

The image above shows the LabSmith microscope with the 3D-printed stage. This microscope
has buttons to manually control the stage location, focus, and light source settings. These
settings can also be changed using computer software in LabVIEW. Using the microscope in the
testing protocol is essential for tracking cells as they are introduced into the microchannels and
can be used to see if the device has fabrication errors.

3.5 Integration & Automation
3.5.1 Automation Overview
The goal of continuous monitoring necessitates the automation of repetitive test protocols to
minimize errors and drastically reduce the time and labor associated with experiments. A custom
LabView virtual instrument was used to incorporate and control multiple pieces of equipment into
a cohesive and adaptable microfluidic testing platform. The automation encompasses testing
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protocols for EIS measurements and fluorescent microscopy imaging into a user-friendly interface
which represents a significant step forward for the useability of this system.

Figure 3.15 LabView VI Front Panel: LabView virtual instrument front panel showing graphs of
system settings, electrical measurement graphs, microscope live view, and multiple other
features.

The left side of the front panel shows user-specified inputs for electrical measurement, serial
communication, and file path location. The front panel's right-side displays data, including graphs
of impedance and voltage as a function of frequency, a live view of the microscope, and
calculated impedance values. This panel supplies the user with all the necessary information and
control over the automated system. Once the LabView VI is run, communication protocols will be
initiated to all of the peripheral equipment. Data streams will be established, and the microscope
stage will move to the first culture chamber to capture and save an image. Simultaneously EIS
measurements will be taken. Then the multiplexer switches to the next microelectrode channel,
the stage proceeds to the following location, and the loop continues to the 16th well. The delay
between experiments can also be controlled to match experiment protocol.
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3.5.2 Electrical Impedance Spectroscopy Automation
The Analog Discovery II was the function generator and oscilloscope for the system, and the
Agilent multiplexor switched the microelectrode channels during measurements. Serial
communication through USB transferred data for both the oscilloscope and Multiplexor. Digilent
and Agilent provide open-source driver software that controls the instrument within LabView.

Figure 3.16 Impedance Measurement Automation Overview: Graphical overview of

LabVIEW structure for electrical and optical measurements.

The VI exists in an overall event structure that separates manually saving microscope stage
locations for each culture chamber from automated EIS measurements and image capture. A
nested loop structure controls the peripheral equipment for each step in the VI. The innermost
loop structures contain the equations and data flow from the Analog Discovery II to measure
impedance at a single frequency. The number of iterations of the inner measurement loop is the
number of steps in the logarithmic frequency sweep and uses the same index. The outer loop
controls the iteration of the EIS script for each well of the device, repeating 16 times to collect
data from the entire device. The number of steps, amplitude, start frequency, and end frequency
chosen for the testing protocol are entered into the following equation.
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Where 𝑛 is the current step, 𝑓> is the end frequency, 𝑓= is the start frequency, and 𝑥 is the total
number of steps in the sweep. The VI computes a logarithmic frequency sweep within the
defined range using equation 3.1 and generates a signal at a specified amplitude.

Figure 3.17 LabView Frequency Sweep Block Diagram: The block diagram shows the back
panel of the LabView VI that controls the frequency sweep calculations using start frequency, end
frequency, and the number of steps.
The oscilloscope measurement protocol exists in the same measurement loop. The sampling rate
and sampling time are set in the front panel of the measurement VI. The frequency, phase, and
amplitude are directly measured by the Tone Measurement sub VI in LabVIEW. The electrical
measurements save to a user defined file path displayed on the front panel.

The Agilent switch unit enables rapid measurements of all sixteen channels on the device
because the Analog Discovery 2 only has a single measurement channel. The multiplexor
contains electrical relays to open and close the 16 channels on the device. The channels connect
through 32 stranded wire leads which join with the PCB. The VI controls the multiplexor to
sequentially open and close the circuit for each of the 16 channels. For a proper measurement,
the microelectrode channel must be closed before the signal is generated.

3.5.3 Optical Microscopy Automation
Microscope stage control and image capture were automated within the LabView VI, dramatically
reducing manual intervention during experimentation. The images are captured via the NIIMAQdx add-in to LabView, which communicates with the microscope's integrated CCD. The
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microscope stage was controlled via LabView using a driver supplied by LabSmith that controls
the three servo motors. These two drivers can control the optical system and are integrated into
the VI to provide image capture during testing.

The microscope stage has three stepper motors that control the platform in the x, y, and z-axis.
The stage is programmed to consistently and repeatably return to 16 stored locations for each
cell chamber. The locations are saved at the beginning of the experiment for specific regions of
interest (ROI) by the user. A live view of the camera in the front panel is displayed for the user to
identify the ROI. A while loop continuously captures images from the CCD and displays them to
the front panel to provide a view to the user. The block diagram for the objective live feed and the
corresponding front panel view is shown in the figures below.

Figure 3.18 LabView Live View Block

Figure 3.19 LabView Live View Front

Diagram: Block Diagram depicting the loop

Panel: Front panel of the live view at the

which runs the live view for the microscope

edge of the interdigitated electrodes

The 16 ROI are saved by clicking the green buttons on the front panel shown in figure 3.15,
illuminating green when saved. An event structure is initiated when the button is pressed, which
reads the current position data for the three-axis stage and saves it in an array. The saved
positions are read from the array, and the servo motors are prompted to move to the locations. A
negative feedback loop was implemented to minimize the positional errors of the stage returning
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to a saved location repeatably. The feedback loop corrects the camera stage location by
calculating the difference between the original saved location and the stage's position after
moving an arbitrary distance away. A total displacement of zero would mean the objective
returned to the exact location that was initially saved. The stage then moves by the calculated
difference along the x and y-axis. The equation below describes the corrective displacement for
the x-axis in the negative feedback loop.
𝑥, = (𝑥0 − 𝑥= )

(3.2)

Where 𝑥, is the corrective distance for the x-axis, 𝑥0 is the original saved location, and 𝑥= is the
return position after moving some arbitrary distance away. Three overlaid images with different
color channels visualize the stage misalignment before and after the feedback loop was
implemented. The loop was run twice to generate the three colors and the red image represents
the original saved location for both cases. Distances were calculated manually in ImageJ using
nine sets of images in total. After including the negative feedback loop, the position error in the xaxis displacement was 0.47 um and a y-axis direction displacement of 1.42 um

Figure 3.20 Device Images without Stage

Figure 3.21 Device Images with Stage

Correction: Three overlaid images of RGB

Corrections: Three overlaid images of RGB

channels without a corrective feedback loop to

channels with a corrective feedback loop to

visualize stage misalignment

visualize stage misalignment

Figure 3.20 and 3.21 demonstrates the effect the negative feedback loop has on minimizing stage
location error. The results suggest that an offset exists when the stage attempts to return to the
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original position in red, but this positional error does not accumulate if the process is repeated.
Improvements were made for the x and y position, but more variation was observed in the y-axis
in all experiments suggesting a possible issue with the stepper motor driver. It should be
mentioned that some offset still exists after optimization, and errors can be attributed to the
resolution of the stepper motors and movement of the microfluidic chip within the stage.

To recap, EIS and optical microscopy measurements were incorporated into a custom LabView
interface that automates a significant portion of the testing process. Manual processes that
remain are fluid handling, and defining the testing parameters in the LabView front panel, but
once the VI is run, the data will be collected and saved automatically. The integrated system
controls data collection tasks that would be laborious and prone to error if performed manually,
allowing for quicker development and discovery in cellular research.

3.6 Experimental Design
The experimental design uses three sets of experiments to investigate three variables that are
important for the proper characterization of the system. The first experiment uses different solute
concentrations as the independent variable to understand how the impedance response is
affected for a single well. The second experiment looks at time as a variable to understand if drift
will need to be accounted for during continuous monitoring in long-term studies. The third
experiment’s variable is the cell chambers to understand well to well variation for baseline
impedance responses.

The microfluidic chip manufactured for these experiments had holes punched above every other
chamber for a total of eight accessible chambers. The punched hole is slightly larger than the
chamber, so every other chamber was punched to ensure no overlap, resulting in measurements
in chambers 2, 4, 6, 8, 10, 12, 14, and 16. This was done to improve the accessibility into
individual wells and allow the experimental protocol to bypass the gradient generator and cell
seeding network. The improved accessibility comes at a cost of increased risk of contamination
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and evaporation as well as significantly increasing the volume of the culture chambers which can
affect EIS measurements. Fluids were introduced into the device via micropipette with disposable
dispensing tips by injecting a small volume through the punch hole directly to the electrode
surface.
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4.RESULTS/DISCUSSION
The experiments were designed to characterize the microfluidic system and determine the
accuracy and reliability of measurements using the new LabView VI. The first experiment
determined the system's ability to detect changes in solution impedance over multiple frequencies
inside the chambers. Deionized water and a 2% and 4% saline solution by weight were created
for the experiment. Each solution will have different dissolved ion concentrations and
impedances, which should be detectable by the system. A 0.5 µL volume of solution was
introduced into the device through the holes punched over the electrodes via a micropipette. The
second well of the device was used for the measurements of all solutions. Once the wells were
filled, and bubbles were removed, EIS measurements were taken from 1 kHz to 100 kHz with an
amplitude of 1V. The impedance spectra data is averaged over five experiments and is presented
in the graph below.

Figure 4.1 Impedance Measurements of Water and Saline: EIS measurements of DI water,
2% saline solution, and 4% saline solution between 1 kHz and 100 kHz plotted on a log-log graph
with error bars at each measurement.
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The experiments show that the DI water exhibits a different impedance response compared to
solutions with high levels of dissolved ions. The impedance measurements of the 4% and 2%
saline solution at 1 kHz are close to an order of magnitude lower than DI water. As the frequency
increases, the difference in impedance decreases, and at 10 kHz the difference in impedance is
negligible. Past 10kHz, the curves converge, showing minor differences. The experimental results
support the hypothesis that solutions with a greater concentration of dissolved ions will lower the
overall impedance that the measurement system can then detect.

The second experiment was designed to test the reliability and drift of measurements over
extended periods. Long-term measurements are essential since many cell lines require days to
reach a confluent layer. Ethanol was used in this experiment which contains few electrolytes
resulting in a high impedance. The second chamber of the chip was filled with 0.5 µL of 70%
ethanol through the punched hole, and the impedance spectra was measured every 10 minutes
for 1 hour. Tape was used to cover the punctured PDMS inlet to minimize evaporation during the
experiment. The measurements are expected to remain the same because no change in the
solution's electrical properties should occur. The data for the seven different measurements
starting at t = 0 over 10-minute intervals for one hour is displayed below.
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Figure 4.2 Impedance of Ethanol Over Time: Impedance vs. time for six frequency points for
the same well taken every 10 minutes for 1 hour. The y-axis displays impedance on a log scale

The impedance response over time shows that variations exist for low frequencies, but good
measurement stability is observed at higher frequencies above 1.6 kHz. This could be
problematic if impedance differences are measured at low frequencies because excess noise and
variation may make the signal unusable. The initial impedance measurement at 1.6 kHz
decreases in the first 10 minutes then stabilizes close to the original value. The initial drop in
impedance could be attributed to electrochemical reactions happening at the electrode interface
causing ions to dissociate into solution or simply be an artifact of measurement noise. At 60
minutes, a uniform drop in impedance was observed across all frequencies, suggesting a change
in the electrical properties of the system. Evaporation of the solution or ethanol-water interactions
near the electrode could be responsible for this observation but further experiments will be
required to know definitely.
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Below is a graph of standard deviations for the impedance measurements taken over the six
frequency points described in the second experiment.

Figure 4.3 Standard Deviation of Continuous Measurements: This plot shows the standard
deviation of the impedance measurements as a function of frequency on a log-log scale for the
time data collected in experiment two.

It can be seen from Figure 4.3 that the variation in impedance measurements is greatest at low
frequencies but decreases and stabilizes at the high end of the frequency spectrum. These
results demonstrate that the system can measure impedance over an extended time with slight
variation. However, without testing at longer time intervals, it cannot be known if the last data
points are the beginning of long-term drift. The results warrant further experimentation at longer
time intervals. The doubling time of incubated 3T3 fibroblast is around 22 hours which could be
an applicable duration for the next set of experiments to investigate measurement drift.

The last experiment was intended to characterize the impedance spectroscopy response of the
different electrodes using the same solution at a single time point. 0.5 µL of 70% ethanol was
introduced into eight punched wells on the device using a micropipette. Each well is expected to
have a slightly different characteristic impedance response due to parasitic elements caused by
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different lengths of wire and electrical contact between the leads of the device and differences in
the microelectrodes. This experiment is also helpful for determining if an open circuit is
measured, resulting in a significantly higher impedance measurement than expected. EIS
measurements from 1 kHz to 100 kHz were recorded for the chamber filled with ethanol using the
automated LabView VI. These measurements were repeated five times, and the values for each
well were averaged. The data from eight wells are presented in the figure below.

Figure 4.3 Impedance Spectroscopy of Ethanol for Multiple Wells: Frequency response of
ethanol for eight different microelectrode channels averaged for five experiments displayed on a
log-log graph.

This experiment is essential to establish baseline impedance responses for the eight different
wells. Each well will have a slightly different impedance response that must be accounted for
when analyzing the results. The graph demonstrates the variability in EIS measurements for
ethanol between wells. There is a general frequency response shared by wells 2, 4, 6, 8,10, and
12. However, the microelectrode channels in wells 14 and 16 have impedance responses with
lower impedance at lower frequencies. The variations between wells could be attributed to
misalignment of the PDMS layer causing some portion of the electrodes to be covered,
fabrications errors of the microelectrodes or differences in parasitic elements for each circuit.
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4.1 Discussion
Each experiment in this work provided information for improving the functional requirements of
the microfluidic system and resulted in new insight into the system's behavior, providing a
foundation for future research. Individually, the experiments are similar to what has been
achieved in the lab before but the automated system as a whole represents a significant
advancement for this novel system. The experiments confirm the proper functionality of the
system and created a protocol for establishing baseline electrical measurements for each
chamber which will help provide meaningful results. The interpretation of the experiments' results
will guide future improvements to create a more precise measurement system.

The first experiment measured the impedance of DI water, 4% and 2% saline solution by weight.
The hypothesis suggests dissociated ions in solution will change the conductivity resulting in
characteristically different impedance response curves. The study demonstrated a correlation
between the impedance measurements and the ion concentration, with DI water having the
highest impedance and the 4% saline solution having the lowest. The impedance results were
dependent on the frequency and useful information could only be interpreted within a range of
frequencies. At low frequencies <10 kHz the relative difference in impedance between the
solutions was at its maximum but results from the second experiment show that more variances
exist in the measurement at these low frequencies. Contrarily, at high frequencies >50 kHz the
difference in impedance between the three solutions is indistinguishable. This suggests that an
ideal frequency range exists where impedance differences are not overinfluenced by variations in
the system but not so small to be misinterpreted. A frequency range from 2 kHz to 10 kHz was
useful for measuring and differentiating solution impedances. These results are consistent in the
context of previous literature which showed a frequency range of 1 kHz to 10 kHz was used to
quantify cell proliferation using impedance [43]. These results are also consistent with similar
experiments performed with previous integration of the system showing useful frequency ranges
between 1 kHz to 100 kHz for detecting changes in solution impedance [41].
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A limitation of the experiment was that impedance was only altered through the changes in
dissociated ion concentrations, but impedance contains capacitive and inductive elements. A
confluent layer of cells in contact with the microelectrodes will have a more complicated
equivalent circuited with capacitance having a greater effect. Future experiments using a colloid
suspension of small particles like cells or polymer beads would provide a more complex and
insightful representation of the electrical system. Similar experiments in the future should take
advantage of the gradient generator. Solutions were prepared through serial dilution and
individually introduced into the punch holes over the wells, but future experiments should employ
the gradient generator to create 16 different saline solutions which would allow more resolution
between concentrations and generate more data from a single experiment run in parallel.
However, this experiment was still successful in measuring and understating the system
response to measurements of different solutions in the cell culture chambers.

The second experiment measured the impedance spectra of a single well filled with ethanol over
time. The results indicate consistent impedance measurements for a homogenous and quiescent
solution over one hour aligning with the hypothesis that the electrical properties of the solution
should be static. These results also align with previous experiments which showed no significant
change in impedance over time for 70% ethanol [41]. However, the consistency of the results was
depended on the frequency of the measurements again. The standard deviation of the
impedance measurements increased as the frequency decreased and at high frequencies, the
standard deviation decreased and plateaued. This experiment was designed to quantify
measurement drift over time and while this effect was not observed during the duration the results
reinforced the first experiment showing greater variation at low frequencies.

A uniform drop in impedance was observed at the last data point which necessitates future
experiments at longer durations. A potential cause of the uniform drop in impedance could be the
evaporation of the ethanol. The reduction in volume as the ethanol evaporates could have
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affected the ion concentration as well as affecting the ethanol-water interactions that occur near
the electrode-electrolyte interface. Future experiments should use the cell seeding network in a
closed-loop device in order to reduce the evaporation of the solution. Future experiments should
also extend the duration to determine if the uniform drop in impedance will continue. Gas flow
through the gas supply network should be added to understand if the diffusion of gases into the
solution has significant effects on impedance over time. An experiment spanning 24 hours with
EIS measurement performed every hour could significantly improve the understanding of the
time-dependent behavior of the system. This type of experiment can easily be executed with the
new automated testing platform as long as evaporation is controlled.

A limitation of the study is that one of the 16 channels was measured. The other 15 wells of the
device will need to be characterized to understand if repeated measurements behave similarly to
the chamber used in this experiment. Again, the data collection of an experimental design using
all 16 wells for a duration of up to 24 hours is greatly simplified using the automated testing
platform. In total, this experiment showed a level of stability for continuous measurements, but at
low frequencies and at the final time points, unexpected variation was seen in the results
necessitating future experimentation to make conclusions about the system.

The last experiment investigated baseline impedance values for every other well (2-16) of the
device. The results show expected variation between wells which increased as the frequency
decreased. However, at higher frequencies, the eight EIS measurements converged to a similar
response with slight variation. The variation for each well could be attributed to multiple different
factors. The alignment of the glass electrodes over the PDMS culture chambers is a manual
process that is susceptible to error meaning different surface areas of the 16 electrodes could be
covered by the PDMS layer. Differences in the exposed surface area of the electrode would
cause a difference in impedance measurements. Other variation could be attributed to the
electrical connection for each channel and the varying length of wire contributing resistance and
capacitive elements that are intrinsic to the system. These results are significant because the
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baseline impedance response for each chamber must be established to normalize future results.
Normalization or standardization could take many forms. The simplest would change the
impedance from an absolute measurement to a relative measurement with a previous baseline
response subtracted from the new signal. This would allow the researcher to focus on the
changes in impedance that occur relative to a reference measurement. For example, before cells
are introduced into a device, media could be measured for each well. Once the cells are
introduced the measurement could be repeated and the difference between the impedance
response would highlight relative electrical changes caused by the introduction of the cells.

The experiment also successfully demonstrated the ability of the LabView VI to automatically run
the experimental protocol and reduce manual intervention from the user. This is a significant
improvement over the previous experimental protocol where a single channel could be observed
before probes had to be manually moved with microscope-aided alignment to proceed to the next
channel. Additionally, saving the corresponding data files is automated, standardizing naming
conventions and allowing for better organization of results with minimal effort.

A limitation of the experiment is that only half of the chambers are characterized, and solutions
were measured with punched holes over the electrodes which are not representative of the
finished system. Variations in the other eight wells of the device were not measured and remain
unknown for the system. Future experiments should use a finished device and introduce a known
solution into all sixteen wells to perform measurements. This will provide a full representative data
set of the electrical system. In total, the experiment demonstrated expected variability of eight
different impedance responses and established a protocol for acquiring baseline values for each
culture chamber quickly and accurately which will be used to help standardize results in future
experiments.
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5. CONCLUSIONS
In conclusion, a microfluidic system designed for cell culture and continuous electrical and optical
monitoring was manufactured, automated, and characterized. Subsequent experiments showed
the functionality of the device with multiple solutions, including ethanol, DI water, and saline
solution. Many areas of work were successful, including incorporating multiple pieces of electrical
hardware into an automated system controlled through a custom designed LabView VI. Other
milestones include a new microfluidic design iteration incorporating a gas supply network via a
PDMS membrane, an updated concentration gradient generator, and cell seeding network
design. These new design elements were verified through theoretical calculations of mass
transfer and COMSOL simulation which can be used to compare against experimental results
once the system is fully fabricated and tested. However, not all essential testing was done to
characterize the system for continuous monitoring of cells. The primary one being that
experimental data was collected with a device that had been modified by punching holes over the
culture chambers which is not representative of the device that would be used for cell culture
experiments. The successful culture of cells within the microchambers was not attempted in this
work but represents the next milestone with the system. With that being said, the automated
platform achieved through software and hardware integration is ready for the associated
challenges of on-chip optimization of environmental cell culture conditions. A considerable
limitation of this work was the COVID-19 pandemic which significantly restricted access to lab
spaces and made outsourced manufacturing of components for the new design unrealistic, which
postponed device manufacturing and experimentation. Ultimately, significant advancements were
made for Dr. Hawkins's research lab investigating microfluidic cell culture, but further work is
needed to verify the functionality and accuracy of the system for investigating and optimizing cell
culture conditions.

5.1 Future Work
While the microfluidic system's capabilities have been demonstrated, improvements can be made
to the platform. Fluid handling of the device is manually controlled through motorized syringe
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pumps, but this equipment could be incorporated into the LabView VI along with electronically
controlled valves to create an effective and automated fluid handling solution. The successful
implementation of this could open the doors for incorporating feedback loops that consider
impedance measurements related to cell health to make corresponding changes to flow rates of
media. An all-encompassing fluid handling system could also be tailored to the automated
staining of cells for fluorescent microscopy which would consist of the introduction of
immunofluorescent stains followed by a flushing cycle to remove the dye after imaging. This
application would result in a truly automated fluorescent imaging platform that would have
exceptional control of imaging parameters and eliminate significant errors introduced through
human interaction with the system.

The addition of the PDMS membrane with the purpose of gas transfer will need to be quantified
through experiments once the device has been fabricated. One such experiment would vary the
pressure and percentage of the supply of CO2 (5% or 10%) through the membrane and measure
the change in pH of an acidic medium as a function of time. This design of experiments would
help to understand how the supply of gases affects the concentration of dissolved CO2 in solution
and to help understand the time at which the system reaches steady-state. In order for this
experiment to be successful, an accurate method of measuring the pH for small volumes inside
the device will need to be developed. Multiple methods exist in analytical chemistry for measuring
pH in microenvironments that include polymer nanoparticles containing an immobilized
photosensitive dye or electrical measurements including ion-sensitive field-effect transistors
[44][45].

A better understanding of each well's baseline impedances should be achieved by removing
background noise and standardize the measurements necessary for investigating detailed cellular
events. Signal processing can be applied directly in the LabView VI and include signal filtering
which could be applied to remove additional noise. Further testing with cell media will establish a
more accurate and useful baseline impedance of the system when moving forward with cell
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culture. Additionally, effects from the electric double layer and other electrical artifacts could be
quantified using an equivalent circuit model which could be used to compare against
experimental results. If this can be characterized, then impedance changes due to cell signaling
and behavior will be easier to discern and analyze.

APPLICATION
drug development, clinical diagnostics, bioassays, animal testing alternative.
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APPENDICES
A.

LabView VI Standard Operating Procedures

Stage Setup
*Refer to Figure 3.10 & 3.11
1. Ensure the microfluidic chip is mounted correctly in the heated stage.
2. Place PCB over the microfluidic chip and align the pogo with contact pads on the glass
slide.
3. Insert three screws through the PCB and into the threaded holes on the aluminum stage
and finger tighten with a hex key.
4. Check that the pogo pins are still making proper contact with the electrode leads after
tightening
5. Check that all 32 wires are connected from the PCB to the back of the multiplexor.

Instrument Setup
1. Turn on computer
2. Turn on Agilent multiplexor and ensure USB connection with computer
3. Turn on Analog Discovery II and ensure USB connection with computer
4. Check oscilloscope leads from Analog Discovery II are connected to the breadboard
5. Check that function generator leads from Analog Discovery II are connected to the
breadboard
6. Check that the known resistor is plugged into the breadboard (100 kΩ.)
7. Check that the "sense" channel at the back of the multiplexor is connected to the
breadboard properly
8. Open LabView
9. Open VI in “Keaton's Folder” for EIS measurements
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LabView VI Setup
1. Agilent Multiplexor Visa Resource Name – COM4
2. BAUD rate – 57600 (Must match BAUD on multiplexor front display) This can be changed
3. Analog Discovery II Visa Resource Name – COM3
4. Write file path location for measurement data to be saved
5. "Channel Count" controls the number of channels measured sequentially
6. Timeout Value and Flow Control do not need to be changed

Impedance Measurements.
1. Input voltage amplitude
2. Input start and end frequency
3. Input number of steps
4. Input known resistance value (100K)
5. Input acquisition time (1 second)
6. Run VI
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7. Results can be viewed in the front panel graphs
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B.

VI Front Panel and Block Diagrams

LabView VI Front Panel

LabView Block Diagram for stage movement control

LabView Block Diagram for Multiplexor and image capture control
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LabView Block Diagram for camera live feed and ROI capture control

LabView Block Diagram for Impedance measurements
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